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Abstract. Background/Aim: We investigated the hypothesis
that dichloroacetate (DCA), a pyruvate dehydrogenase kinase
inhibitor, and metformin (MET), an antidiabetic agent and
complex 1 inhibitor, have synergistic cytotoxic effects in
glioblastoma cells in vitro and in vivo. Materials and Methods:
We performed dose response experiments and combination
index calculation. Apoptotic and necrotic cells were estimated
by flow cytometry. Cell metabolism was evaluated by Seahorse
analysis and lactate export. Overall survival and tumor volume
growth experiments were performed in C57BL/6 mice GL-261
allograft model. Results: DCA and MET showed dose-
dependent cytotoxicity and synergistic effects. DCA alleviated
the increase in lactate production induced by MET. Seahorse
analysis showed that DCA treatment results in increased
oxygen consumption rate, which is decreased by MET. DCA
and MET significantly inhibited tumor growth and increased
overall survival in mice. Conclusion: Compounds targeting
tumor cell metabolism could become potential treatment
options for glioblastoma multiforme.

Glioblastoma multiforme (GBM) is an aggressive primary brain
tumor that affects a huge population worldwide (1). Existing
standard therapies, such as surgery, radiotherapy, chemotherapy
and tumor targeting fields manifest extremely poor responses
(2). The average overall survival since the diagnosis rarely
exceeds 15 months (1, 3) and, upon recurrence, it is
approximately 6 months (4). Thus, new therapeutic modalities
increasing the lifespan of GBM patients are in high demand.
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Altered energy metabolism is hallmarked as one of the
features of cancer (5). Many tumors, including glioblastomas,
undergo the so-called Warburg effect, when energy
metabolism is geared towards aerobic glycolysis, resulting in
fewer ATP molecules, but increased extracellular lactate (6).
In addition, malignant gliomas depend on glucose and, like
most cancers, GBMs have dysregulated mitochondria,
disrupting an oxidative phosphorylation cycle (7, 8).

Dichloroacetate (DCA), a small molecule, used to treat lactic
acidosis (9) has been reported to reverse the Warburg effect by
inhibiting pyruvate dehydrogenase kinase (PDK) and indirectly
activating the gate keeping enzyme pyruvate dehydrogenase
(PDH) (10). Generally, DCA shifts aerobic glycolysis towards
glucose oxidation in cancer, without affecting normal cells.
Numerous studies have evaluated DCA effects in tumors,
including case studies and several small human trials (11, 12).
In initial research, a significant 70% shrinkage of tumors was
observed after just 3 weeks of DCA treatments in rodents (13).
This study encouraged further studies mostly in brain, breast,
colorectal, lung, prostate and gynecologic cancers. It was soon
realized that DCA is not universally effective in all types of
tumor cells. This was attributed to hormesis, a biphasic dose-
response phenomenon in which a low concentration of DCA
may stimulate tumor cell proliferation or viability, while high
doses would inhibit it (14, 15). For example, DCA at
concentrations of 20 mM or lower stimulated cellular viability
while at concentrations 40 mM and higher reduced cell
viability under normoxic conditions in vitro (15).

Metformin (MET), a biguanide, is a widely used oral
antidiabetic agent that has the potential to decrease
hyperglycemia in patients with type 2 diabetes. MET targets
electron transport chain complex I, thus preventing oxidative
mitochondrial metabolism (16). MET can activate AMP
activated protein kinase (AMPK) (17, 18), a powerful mediator
in cellular energy metabolism (19). AMPK inhibits protein
synthesis and induces cell cycle arrest (20), affects cell growth
by inhibiting the mTOR pathway, which in turn plays an
important role in metabolism, growth and proliferation of
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cancer cells (21). It was suggested by Evans and her team in
2005 that the use of MET may be related to reduced incidence
of cancer (22). It has been shown, that patients who suffered
type 2 diabetes and breast cancer and administered MET,
responded to chemotherapy in a sufficiently better way than
patients who did not receive MET (23). In vivo studies have
shown the MET’s ability to prevent lung tumorigenesis (24)
and eliminate tumor initiating cells in liver cancer (25, 26).
These findings complement in vitro studies where MET
inhibited cell proliferation and reduced colony formation of
breast cancer cells (27).

It has been observed that existing glycolysis inhibitors,
such as DCA, 3-BrPA (3-bromopyruvate) or 2-DG (2-
deoxyglucose), do not maintain effective shrinking of tumor
volume when used as monotherapy and are much more
efficient when used in combination with other cytotoxic
agents (28-30). Numerous studies indicated that coupling
DCA with other potential anticancer substances, such as
curcumin (31), omeprazole and tamoxifen (28), 5-
fluorouracil (32), sulindac (33) enhances therapeutic
potential. Moreover, previously, it has been shown that a
combination of DCA and MET synergistically suppressed the
growth of ovarian, breast, and prostate cancer (34-36). Based
on these recent findings, we hypothesized that the two
metabolic modulators DCA and MET could potentially act
as cytotoxic compounds in glioblastoma multiforme.

Materials and Methods

Cell lines and reagents. Human U-87 MG (U-87) and murine GL-
261 glioblastoma cell lines were purchased from the American Type
Culture Collection (ATCC, Manassas, VA, USA). U-87 and GL-261
were cultured in Dulbecco’s Modified Eagle Medium (DMEM)
(Gibco, Waltham, MA, USA), supplemented with 10% FBS (Thermo
Fisher Scientific, Waltham, M, USA) and antibiotics (100 U/ml
penicillin and 100 pg/ml streptomycin) (Gibco) and regularly
passaged after reaching confluence. During all experiments, cells
were maintained at 37°C in a 5% CO, humidified incubator. Sodium
DCA (Sigma Aldrich, St. Louis, MO, USA) and MET (1,1-
dimethylbiguanide hydrochloride) (Sigma Aldrich) stocks were stored
in accordance with manufacturer’s recommendations. Drug solutions
in medium were prepared fresh on the day of each experiment.

Animal study. All experiments were carried out in compliance with
the ARRIVE guidelines (37) and following the approval of the State
Food and Veterinary Service, Lithuania. For the animal experiments,
8 to 12-week-old female C57BL/6 mice (18-22 g) were bought from
the State Research Institute Centre for Innovative Medicine (Vilnius,
Lithuania). The mice were housed under normal daylight conditions
with ad libitum access to water and food. Subcutaneous
implantation of GL-261 cells was used for the glioblastoma model.
5%105 GL-261 (38) cells were subcutaneously implanted into the
right flank of each mouse. When tumors became palpable, mice
were randomly allocated into treatment and control groups (n=7 per
group). On day 10, after tumor implantation, the treatment was
started. DCA (150 mg/kg/day), MET (75 mg/kg/day) or both were
injected intraperitoneally, and phosphate-buffered saline (PBS)
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injection was used in controls. The tumor size was monitored every
other day with a sliding caliper. Tumor volume was estimated using
the following formula: volume=width? x length x 1/2. All animals
were euthanized by cervical dislocation at a critical endpoint for
individual mice, which was set subjectively by the technical staff.

Cell viability assay. U-87 cells were seeded in 96-well plates at a
density of 5,000 cells/well in 200 pl of culture media and left overnight
to attach. After 24 h, cells were treated with different concentrations of
DCA or MET (1, 5, 10, 15, 20 mM) and their combination. After
incubation for 48 h, the medium was exchanged and cells were treated
with MTT reagent (Sigma Aldrich), to measure cell viability. Plates
were incubated for 1.5 h at 37°C, then formazan crystals were dissolved
in DMSO and the absorbance was measured at 490 nm.

Apoptosis and necrosis assessment by flow cytometry. For apoptotic
and necrotic cell examination, Alexa Fluor 488 annexin V/Dead Cell
Apoptosis Kit (Invitrogen Ltd., Paisley, UK) was used. U-87 cells
were seeded in a 6-well plate at a density of 3x105 cells per well.
After 24 h, cells were exposed to either DCA, MET or their
combination. After 48 h, cells were harvested, washed in cold PBS,
stained and incubated in the dark according to the manufacturer’s
protocol. Following incubation with Annexin V and PI, cells were
acquired on flow cytometer BD LSR II (BD Biosciences, San Jose,
CA, USA) and analysed by FlowJo v10 (BD Biosciences).

Lactate export. U-87 cells were seeded in 6-well plates and left
overnight. The next day, the culture media were replaced and
treatment was applied. After 24 h, the medium was collected and
the concentrations of L-lactate were determined using L-lactate
Assay Kit (Sigma Aldrich).

Cellular bioenergetics analysis. Oxygen consumption rate (OCR) and
extracellular acidification rate (ECAR) were determined using the
Seahorse XFp Analyzer (Agilent Technologies, Santa Clara, CA,
USA). U-87 cells were seeded in XFp 8-well plates at a density of
3,000 cells/well. The next day, adherent cells were observed and
treatment with DCA, MET or both drugs was applied for 24 h.
Twenty-four h later, on the day of analysis, the cell culture medium
was changed into Seahorse XF base medium (minimal Dulbecco’s
modified Eagle’s medium) supplemented with 10 mM glucose, 2 mM
glutamine, and 1 mM sodium pyruvate (pH 7.4) followed by
incubation at 37°C in a non-CO, incubator for 1 h. For evaluation of
the mitochondrial function, 3 metabolic inhibitors were sequentially
dispensed as follows: oligomycin (inhibitor of ATP synthase, 500 nM),
followed by carbonyl cyanide-p-trifluoromethoxyphenylhydrazone
(FCCP, uncoupler of mitochondrial oxidative phosphorylation, 1 uM)
and a combination of rotenone (mitochondrial complex I inhibitor, 100
nM) and antimycin A (complex III inhibitor, 100 nM). Basal OCR,
ECAR, and changes induced by the above inhibitors were measured.
Experiments were performed in triplicate. The key parameters of
mitochondrial respiration were measured using the Seahorse XF Cell
Mito Stress Test Kit and analyzed as described (39). OCR and ECAR
were automatically recorded and calculated by the Seahorse XFe96
software (Wave 2.3.0). All the measurements were normalized to cell
numbers and intracellular protein concentration. Protein concentration
was assessed by Bradford assay.

Statistical analysis. All statistics were performed using GraphPad
Prism 8 software (San Diego, CA, USA). Kaplan—Meier survival
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curves were plotted and compared using the Mantel-Cox log-rank
test. One-way or two-way ANOVA was used for groupwise
comparisons. Results represent three independent experiments and
are expressed as meanzstandard error mean (SEM). The synergistic
effect was analyzed according to the Chou-Talalay method (40) using
CompuSyn software and a combination index (CI) was evaluated.
When CI <1 - synergistic, CI=1 — additive, CI>1 — antagonistic
effect. p-values are follows: *p<0.05; **p<0.001; ***p<0.0001.

Results

MET and DCA show dose dependent cytotoxicity. First, we
investigated the effects of DCA, MET or their combination on
U-87 glioblastoma cells. To assess cytotoxicity of the drugs,
the MTT assay was used. We conducted drug concentration
response experiments and evaluated the half maximal
inhibitory concentrations (ICsg) for each drug, which were
19.79 mM for DCA and 10.26 mM for MET (Figure 1A and
B). Then, we examined whether these drugs could exhibit a
synergistic effect when combined. Taking this into
consideration, DCA concentrations used in the study were 20,
10, 5 and 2.5 mM, while MET concentrations were 10,5, 2.5,
1 mM. Data were analyzed using the Calcusyn Software, by
Chou-Talalay (40), generating a combination index (CI) for
each single combination point. CI values below 1 suggest
synergy, whereas CI values above 1 indicate antagonism. MET
enhanced the potency of DCA to inhibit cancer cell
proliferation compared with the effect of these drugs
individually (Figure 1C). After a series of experiments, we
observed that combination treatment with DCA and MET was
dose dependent and only high concentrations, such as 10 mM
DCA and 5 mM MET or 20 mM DCA and 10 mM MET,
showed a synergistic effect, inhibiting cell viability by
60%=1.5%, CI 0.95, and 85%=+0.87%, CI 0.94, respectively
(Figure 1C). At lower doses, when 1 and 5 mM DCA were
combined with 1 and 2.5 mM MET, only antagonistic effects
were observed. Ten mM of DCA alone reduced the percentage
of cell number to 85% and 5 mM of MET to 60%, while their
combination reduced the cell number to 40%, compared with
the control. For this combination the CI value was equal to
0.94, which is interpreted as strong drug synergy.

DCA and MET synergistically induce apoptosis in
glioblastoma cancer cells. DCA has been reported to induce
apoptosis in cancer cells; however, some authors have
reported that this is cancer cell type specific (41). Therefore,
we investigated whether the combination of DCA and MET
increased apoptosis in the human glioblastoma U-87 cell
line. Cells were exposed to 10 mM DCA, 5 mM MET or
their combination for 48 h, and the apoptotic rate was
evaluated by flow cytometry. Each drug alone did not have
a statistically significant effect compared with control;
however, similar to what was observed at dose response
experiments, once the drugs were applied in combination, the
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Figure 1. Dichloroacetate (DCA) in combination with metformin (MET)
leads to reduced cell growth. A. Concentration response curve of DCA,
B. concentration response curve of MET in U-87 cell line. U-87 cells
were treated with DCA (1-100 mM) and MET (1-100 mM) and their
ICs5y values were determined. To evaluate the efficacy of their
combinations, data was analyzed using the Calcusyn Software, and
combination (CI) values were generated. C. Synergistic cytotoxic effect
of DCA and MET, (***p<0.001).

apoptotic rate of cancer cells was increased significantly
(Figure 2A). The percentages of healthy (Q4), early- (Q3)
and late-apoptotic (Q2), as well as necrotic (Q1) cells, are

presented in appropriate quadrants. As shown in
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Figure 2. Dichloroacetate (DCA) and metformin (MET) synergistically induce apoptosis in glioblastoma cancer cells. A. Average level of apoptosis
calculated from three independent flow cytometry experiments. B. Effect of 10 mM DCA, 5 mM MET or both on early, late apoptosis or necrosis of
the U-87 cell line, after incubation for 48 h. C. Cell fractions of early, late apoptotic and necrotic cells after 10 mM DCA and 5 mM MET treatment,

compared to control (PBS). *p<0.05; **p<0.01.

representative dot plots in Figure 2, the combination of MET
and DCA produced a synergistic effect dramatically
increasing the early (30.9%) cell populations after 48-h
exposure, compared with control (0.9%) and to the single
agents - DCA (10.8) and Met (15.1) (Figure 2, Q3).
Synergistic effect of DCA and Met also reflected in elevated
late apoptotic cell percentage (13.6%), compared to control
(2.56%) and also to the single agents — DCA (4.42%) and
Met (2.35%) (Figure 2, Q2). These results complement cell
viability experiments, indicating the potentiating effect of
combinational therapy of DCA and Met.

DCA alleviated MET induced lactate production and
restored OXPHOS in glioblastoma cells. DCA, as a PDK
inhibitor, is able to increase OXPHOS rate in cancer cell
lines; on the contrary, MET, as a complex I inhibitor, has the
ability to increase lactate production, which is associated
with reduced oxidative phosphorylation. In these series of
experiments, we examined whether cancer cell treatment
with DCA and MET would influence lactate levels (Figure
3D). Not only did we show that DCA reduced the levels of
lactate in cancer culture media, but it also increased the
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mitochondrial respiration rate. The cellular oxygen
consumption rate (OCR) and the extracellular acidification
rate (ECAR) were measured. Figure 3 represents the OCR
ratio of U-87 cells after DCA and MET exposure for 24 h.
MET decreased the ratio of OCR, which was dramatically
reversed by DCA, suggesting that DCA can restore oxidative
phosphorylation and recover mitochondrial respiration.

DCA and MET synergistically suppresses the growth of
glioblastoma cells in vivo. After investigating the synergistic
effects of DCA and MET in vitro, we evaluated glioblastoma
cell growth dynamics in vivo, together with overall survival of
mice. C57BL/6 mice were chosen for this study. Treatment
began when palpable tumors were formed, on day 10 after
inoculation of GL-261 cells. Mice were injected with PBS in
the control group, and in the treatment groups with 150
mg/kg/day DCA, 75 mg/kg/day MET, or both. Tumor volume
was evaluated every other day for 22 days. On day 18, no
significant reduction in tumor growth was observed; however,
on day 22, all treatments showed a significant reduction in
tumor volume compared with the control group, suggesting
that each drug alone and their combination can reduce tumor
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Figure 3. Dichloroacetate (DCA) alleviates metformin (MET)-induced lactate production and restores mitochondrial respiration. U-87 cells were
cotreated with 10 mM DCA and 5 mM MET, or each alone for 24 h. PBS was used as control. A. and C. Real-time metabolism analysis by Seahorse
mitochondrial stress test kit that was used to measure the ECAR (extracellular acidification rate) representing the amount of glycolysis, and OCR
(oxygen consumption rate), defining the amount of mitochondrial respiration. B. Histograms of glycolytic function parameters. D. Lactate release
into media after drug exposure. Values represent the mean+SEM of three independent experiments. *p<0.05; **p<0.01; ***p<0.001.
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Figure 4. Dichloroacetate (DCA) in combination with metformin (MET) leads to reduced tumor growth and increased overall survival in mice. A.
Tumor volume growth curve, statistically significant reduction after 22 days of treatment with DCA, MET or their combination, compared with
control (***p<0.001). B. Kaplan-Meier survival curves for mice receiving DCA, MET or both. Mice treated with a combination therapy showed
higher median overall survival mOS=29.71 days, p=0.0073; compared with DCA mOS=24.29 days; MET mOS=22.71 days, control mOS=20 days.
Only combination treatment with DCA and MET showed a statistically different effect compared with the control and each drug alone.
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growth (Figure 4A). However, only the combination therapy
achieved a statistically significant clinical result, with that
treatment group having longer overall survival compared with
the control or monotherapy groups (Figure 4B).

Discussion

In our work, we analyzed the synergistic anti-cancer effect
of DCA and MET, both in vitro and in vivo. Similar
experiments with the same compounds were performed in
2016 (35), but instead of ovarian carcinoma, this study
focuses on glioblastoma, as this disease currently has less
viable treatment options and is reported as the most common
and deadly brain tumor. Therefore, it attracts the attention of
scientists trying to improve clinical outcomes by conducting
in vivo experiments in a variety of murine models (42). To
tackle this tumor, we exploited what is commonly known as
the Warburg effect that describes the phenomenon of aerobic
glycolysis in cancer cells (6). Since this process is observed
in glioblastoma multiforme (43), we hypothesized that
targeting mitochondria might be a viable option for reducing
GBM growth. In the present study, we showed that drugs
targeting cell bioenergetics could significantly reduce human
U-87 cell growth in vitro, as well as inhibit tumor growth
and, importantly, increase overall survival of C57BL/6 mice
in an in vivo GL-261 allograft model.

Firstly, we demonstrate that DCA and MET cytotoxicity is
dose dependent, which confirmed previous studies performed
in other tumor models (44). Secondly, we showed that DCA
alleviated the increase in lactate production induced by MET.
Furthermore, OCR for DCA and MET cotreatment was
drastically higher compared with MET alone, demonstrating
how DCA restores mitochondrial respiration. These results are
in line with the findings in an ovarian cancer model reported
previously (35), indicating that the synergistic mechanism of
DCA and MET can be universal across different cancer types.

Both agents could induce apoptosis as monotreatments;
however, once combined, the apoptotic rate increased and
flow cytometric analysis showed a higher proportion of
early/late apoptotic and necrotic cells than in monotherapy
or control samples. These in vitro results in U-87 cells are
similar to those reported previously in breast, colorectal,
endometrial, and ovarian cancer cells (34, 45-47).

Our study showed that tumor growth in the GL-261 in vivo
allograft model was inhibited by DCA or MET individually,
and their combination. There were no statistically significant
differences in the tumor growth rate between the 3 treatment
groups; however, only the combination of DCA and MET
resulted into overall survival benefit (mOS=29.71 days vs. 20
days control mice), demonstrating a synergistic effect. In a
similar tumor growth experiment in a xenograft ovarian model
in NUDE mice (35), DCA and MET suppressed tumor more
efficiently than DCA or MET alone, resembling our findings.
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That study did not present survival data; therefore, no
comparison can be made in that aspect.

When combined, DCA and MET potentiated anticancer
activity against GBM. We hypothesized that when the drugs are
applied as a combination therapy, lower concentration of each
drug is needed in order to obtain a similar cytotoxic effect
compared to monotherapy. Micromolar concentrations of drugs
are highly desirable in clinical practice, especially in oncology.
However, only at high doses, DCA and MET synergistically
suppressed cancer cell proliferation. These results supplement
other authors’ findings, where only high concentrations could
inhibit cancer (34, 35, 48). Although these findings seem to be
promising, the dose causes concerns and possibly limits their
application. In our study, effective DCA and MET doses were
at millimolar concentration range, which is quite high for any
drug that is given daily in chemotherapy regimen. MET is
usually administered in doses between 500-2,500 mg daily and
mild gastrointestinal side-effects are observed (49). On the other
hand, DCA can induce peripheral neuropathy in patients
receiving high doses, such as 50 mg/kg/day. One study observed
that 50-500 mg/kg/day could induce tactile allodynia in both
juvenile and adult rats (50). In our study, we used 150 mg/kg
of DCA, which would be equivalent to ~5,000 mg/day for an
average 70 kg human (51). Since we have not monitored the
potential damage to rodent nerves or any other side effects that
DCA could cause, this should be addressed in future studies.

Conclusion

In times of highly advanced cancer therapies, such as
immunotherapy, targeted therapies, monoclonal antibodies, etc.,
some tumors still cannot be repressed, due to underlying
complex mechanisms supporting their survival. The most
important factor for GBM patients is the extended overall
survival and increased quality of life. An ideal therapy should
attain GBM cells apoptosis, cope with cellular heterogeneity,
inhibit angiogenesis of the tumor and cross the blood-brain
barrier. Based on this, we conclude that treatment with the
combination of DCA and MET produces synergistic
antiproliferative, proapoptotic, metabolism-altering effects,
together with inhibition of glioblastoma growth in vivo.
However, we embrace the limitations of this study, and further
investigations on the potential mechanisms should be performed.
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